During the fall of 2006, in Israel, epizootic hemorrhagic disease virus (EHDV) serotype 7 caused an intense and widespread epizootic in domestic cattle that resulted in significant economic losses for the dairy industry. The susceptibility of potential North American vector and ruminant hosts to infection with EHDV-7 is not known but is essential to understanding the potential for establishment of this exotic orbivirus in North America if it were introduced. Our primary objective was to determine whether white-tailed deer (WTD; Odocoileus virginianus) are susceptible to infection with EHDV-7. Six, 8-mo-old WTD were experimentally infected with EHDV-7, and all became infected and exhibited varying degrees of clinical disease. Clinical signs, clinicopathologic abnormalities, and postmortem findings were consistent with previous reports of orbiviral hemorrhagic disease (HD) in this species. Four of six animals died or were euthanized because of the severity of disease, one on postinoculation day (PID) 5 and the remaining WTD on PID 7. All deer had detectable viremia on PID 3, which peaked on PID 5 or 6 and persisted for as long as PID 46 in one animal. Deer surviving the acute phase of the disease seroconverted by PID 10. Based on the 67% mortality rate we observed, this strain of EHDV-7 is virulent in WTD, reaffirming their role as a sentinel species for the detection of endemic and nonendemic EHDV. Further, the observed disease was indistinguishable from previous reports of disease caused by North American EHDV and bluetongue virus serotypes, highlighting the importance of serotypespecific diagnostics during suspected HD outbreaks.
INTRODUCTION
Hemorrhagic disease (HD) of North American wild ruminants can be caused by multiple serotypes within two Orbivirus serogroups-epizootic hemorrhagic disease viruses (EHDVs) and bluetongue viruses (BTVs)-and are transmitted by certain species of Culicoides biting midges (Thomas et al., 1974) . Until recently, only EHDV serotypes 1 and 2 were known to occur in North America (Shope et al., 1955; Chalmers et al., 1964; Stallknecht et al., 2002) . In 2006, EHDV-6 (Indiana) was isolated from dead white-tailed deer (WTD; Odocoileus virginianus) in Indiana and Illinois and may now be endemic in the United States because the virus was isolated from WTD from five additional states in 2007 through 2010 . White-tailed deer are susceptible to infection and clinical disease with all three EHDV serotypes present in North America (Shope et al., 1955; Chalmers et al., 1964; E. W. Howerth, unpubl. data) .
Historically, it has been recognized that, although infection of cattle (Bos taurus) with EHDV is not uncommon, clinical disease is generally absent or rarely manifests as a mild bluetongue-like disease (Bowen 1987; Aradaib et al., 1994) . However, since 2003, EHDV-6 and EHDV-7 outbreaks in cattle in various parts of the world have renewed interest in the role of EHDVs as potential pathogens of cattle. For example, clinical disease in cattle associated with EHDV-6 was reported from the French island of Ré union in 2003 and 2009 (Bré ard et al., 2004 , in Morocco in 2004 (Benazzou, 2006 , in Algeria in 2006 (Bouguedour, 2006; Madani et al., 2011) , and in Turkey in 2007 (Temizel et al., 2009 ). However, morbidity and mortality in these cattle outbreaks were generally low. During 2006, concurrent with the EHDV-6 outbreaks in Morocco and Algeria, an EHDV outbreak also occurred in cattle in Tunisia; however, no serotype was reported (Zrelli, 2006) . In 2006, Yadin et al. (2008) reported an EHDV-7 outbreak among cattle in Israel that was widespread among dairy and beef herds with in-herd morbidity ranging from 5% to 80%. Although mortality was ,1%, a 10-20% drop in milk production and an increase in involuntary culling resulted in significant financial losses in the Israeli dairy industry (Kedmi et al., 2010) .
Our primary objective was to determine whether WTD are susceptible to infection and clinical disease with EHDV-7. Whitetailed deer are an invaluable sentinel species for EHDV and BTV activity in the United States because they are highly susceptible to infection with endemic EHDV serotypes and are abundant throughout much of the United States (Miller et al., 2003) . Thus, this study will also help to elucidate the utility of WTD for the detection of exotic EHDV serotypes. The recent outbreaks in cattle, described above, highlight the importance of the recognition of these viruses.
MATERIALS AND METHODS

Animals
Eight (two female, six male) hand-raised, WTD fawns were obtained: three from northeast Pennsylvania (USA), with permission from the Pennsylvania Game Commission (deer 42, 43, 44) ; one from Madison County, Georgia (USA), with permission of the Georgia Department of Natural Resources (deer 24); and four from the University of Georgia's Whitehall Deer Research Facility, Whitehall Experimental Forest, Clarke County, Georgia (USA; deer 20, 21, 22, 23) . At the time of inoculation, the deer were 8-mo-old and weighed 23-36 kg. All fawns were serologically negative to EHDV and BTV using agar gel immunodiffusion (AGID) test kits (Veterinary Diagnostic Technology, Inc., Wheatridge, Colorado, USA).
Virus and inoculum
The virus used in the study was originally isolated from the whole blood of a cow in TRN-105006) . The titer of the imported stock virus was 6.2 log 10 median tissue culture infective doses (TCID 50 )/ml (Reed and Muench, 1938) .
To prepare the viral inoculum, the imported stock virus was passaged through a single WTD (deer 24) by injecting 1 ml intradermally and 1 ml subcutaneously at multiple sites on the neck. Corresponding with expected peak viremia on postinoculation day (PID) 6, whole blood was collected in sodium citrate, and a blood inoculum was prepared as previously described (Quist et al., 1997) and maintained at 4 C until used 8 days later. The viral titer of this inoculum after storage was 4.27 log 10 TCID 50 /ml. Whole blood was collected from this same animal before the study to prepare a sham inoculum for a negative control deer.
Experimental design
Six fawns (three Pennsylvania and three Georgia) were infected with EHDV-7, and one fawn served as a negative control. Each of the six experimental deer received 5 ml of inoculum intradermally and subcutaneously, for a total volume of 10 ml (log 10 5.27 TCID 50 ) divided over multiple sites on the neck. The sham inoculum was similarly administered to the negative control deer (deer 22). From PID 0-12, each animal was visually monitored two to three times daily for clinical signs and once daily thereafter. In addition, on all days that the animals were sedated for venipuncture, each deer was given a brief physical examination, including rectal temperature. Clinical signs in each animal were classified as absent, mild, moderate, or severe based on parameters used by Quist et al. (1997) . For inoculation, physical examination, and venipuncture, deer were sedated with xylazine (1-2 mg/kg intramuscularly [IM] ; AnaSed, Lloyd Laboratories, Shenandoah, Iowa, USA) and ketamine (2-3 mg/kg IM; Fort Dodge Animal Health, Overland Park, Kansas, USA). Sedation was reversed with tolazoline (2-4 mg/kg intravenously [IV], slowly; Lloyd Laboratories). At approximately the same time each day, blood was collected via jugular venipuncture on PID 0, 3, 5, 6, 7, 10, 12, 18 , and every 7 days thereafter until the study ended. Blood in sodium citrate was used for virus isolation and titration, and plasma was harvested for coagulation assays, including prothrombin time (PT) and activated partial thromboplastin time (APTT). Blood in calcium EDTA was used for complete blood cell (CBC) count. Serum from additive-free blood tubes was used for serology, including AGID and serum neutralization, as well as serum total protein analysis. All clinical pathology assays were performed using standard protocols at the Clinical Pathology Laboratory (Department of Pathology, College of Veterinary Medicine, University of Georgia, Athens, Georgia, USA).
Deer that became moribund were euthanized with an overdose of sodium pentobarbital (1 ml/5 kg IV; Beuthanasia-D Special, Schering-Plough Animal Health Corporation, Union, New Jersey, USA). Surviving deer were euthanized on PID 32 or PID 46. Representative tissue samples were collected at necropsy and fixed in 10% neutral-buffered formalin for histopathologic examination. Virus isolation and titration using cattle pulmonary arterial endothelium (CPAE) cells (ATCC) was performed on cerebrum, cerebellum, heart, lung, spleen, lymph node, and skin from animals that died during the acute phase of disease. At the end of the study, for those animals that survived infection, virus isolation was performed only on lung, lymph node, and spleen. All procedures were approved by the University of Georgia's Institutional Animal Care and Use Committee (Protocol A2008-0073).
Virology and serology
All virus isolations and endpoint titrations from whole blood were performed on CPAE cells, as previously described (Quist et al., 1997) . Cultures and titrations were incubated in a humidified 5% CO 2 atmosphere at 37 C and monitored daily for cytopathic effect (CPE). Cell culture supernatant was collected from cultures exhibiting CPE, and RNA was extracted using a QIAampH Viral RNA Mini kit (Qiagen, Valencia, California, USA), according to manufacturer instructions. Virus isolates were confirmed as EHDV-7 by reverse transcriptase-polymerase chain reaction (RT-PCR) using primers published by Maan et al. (2010) . For cultures exhibiting no CPE after 7 days, cells were scraped and 100 ml of the cell suspension inoculated onto an additional CPAE cell culture. Cultures exhibiting no CPE after 7 days in the second passage were considered negative.
Virus isolation and titration techniques for tissue were similar. At necropsy, 0.5 g of specified tissue was placed in 4.5 ml of virus transport medium consisting of minimum essential medium, supplemented with 10% fetal bovine serum and antibiotics (500 units penicillin, 0.5 mg streptomycin, and 1.25 mg amphotericin B/ml [Sigma Chemical Company, St. Louis, Missouri, USA]), homogenized using a Tissue Tearor TM (Biospec Products, Inc, Bartlesville, Oklahoma, USA), and centrifuged at 1,610 3 G for 12 min. Undiluted supernatant was used for virus isolation and to prepare six, 10-fold serial dilutions for endpoint titration.
Precipitating antibodies against EHDV were detected using AGID test kits as described by the manufacturer. On positive samples, including the preceding sample day, serotype-specific antibodies were then detected by serum neutralization, and antibody titers were determined as previously described (Stallknecht et al., 1995) , except for the use of CPAE cells instead of BHK 21 cells.
RESULTS
Viremia and serology
All deer, with the exception of the negative control, developed detectable viremia and seroconverted during the study (Table 1 ). All animals had detectable viremia beginning on PID 3, although duration was variable among animals surviving infection, ranging from PID 12 through PID 39. The animal in which the imported stock virus was initially passaged to prepare a blood inoculum had detectable viremia until PID 46 (data not shown). Peak viremia ranged from ,2.6 to 7.6 log 10 TCID 50 /ml and occurred on PID 5 or 6 for all deer. All surviving deer had precipitating and neutralizing antibodies by PID 10 with peak neutralizing antibody titers ranging from 1:80 to 1:640.
Clinical signs
All infected deer (100%; 6/6) exhibited clinical disease of varying severity between PID 5 and 14, and four of six deer (67%) died or were euthanized on PID 5 or 7 (Table 1) . Common clinical signs included inappetence, rough hair coat, depression, redness of thinly haired regions, and hyperemia of conjunctiva and oral mucosa (Fig. 1A) . Reluctance to rise, recumbency, bleeding tendencies, and oral hemorrhages were also observed. These clinical signs were consistent with previous reports of HD in this species (Howerth et al., 2001) . One deer (17%) had mild clinical signs (increased body temperature, subtle redness of thinly haired regions: ear pinna, perineum, nares, and periorbital zones), one deer (17%) had moderate clinical signs (increased body temperature, noticeable redness of thinly haired regions, mild depression, and lethargy), and four deer (67%) had severe clinical disease (increased body temperature, marked redness of thinly haired regions, severe depression and lethargy, and bleeding tendencies with or without death). Of the four deer with severe clinical signs, three died (75%), and one (25%) was euthanized.
All deer (100%) were variably febrile on PID 5 and 6, with a mean (6SE) peak body temperature of sedated deer of 4060.25 C (Table 1) . Although there was individual variation among deer, the mean (6SE) peak elevation in body temperature was 1.360.25 C, when compared with the mean (6SE) baseline (38.760.27 C) of all deer in the study. One animal (17%; deer 42) had only a slight elevation in body temperature (0.6 C), despite having severe clinical signs ending in death on PID 7. Severe hypothermia (34.8 C) was observed in deer 23 on PID 7 just before euthanasia. Deer 21 had a mild decrease in body temperature (37.1 C) on PID 10 before returning to baseline on PID 12.
Clinical pathology
Clinical pathology abnormalities included leukopenia, lymphopenia, hypoproteinemia, decreased platelet count, and prolongation of PT and APTT (Fig. 2) . The mean (6SE) total white blood cell count reached its nadir on PID 5 (1,0676220 cells/ml) when compared with baseline mean of 2,6506298 cells/ml, before returning to baseline between PID 8 and 10. The mean lymphocyte count was decreased most prominently PID 5 through PID 7, before returning to baseline on PID 10 in surviving deer. The lymphocyte nadir in each individual deer was ,1,000 cells/ml, with the mean (6SE) lymphocyte count reaching its nadir on PID 7, at 3226123 cells/ml (baseline mean6SE, 1,3296258 cells/ml). The deer (number 44) with the greatest lymphocyte nadir (697 cells/ml) survived infection, had nonquantifiable viremia of short duration, and was the least clinically affected. The mean serum total protein began progressively decreasing from the baseline (mean6SE, 5.7360.09 g/dl) beginning on PID 3, until reaching its lowest value of 4.460.3 on PID 7. The mean TP returned to baseline by PID 18.
During the study, individual platelet counts generally decreased from the mean (6SE) baseline of all deer in the study (521,125658,075/ml). The lowest mean platelet count occurred on PID 7 (317,400694,452/ml), although only two animals (33%) were alive by PID 10 to be analyzed. The platelet count of deer 44 did not decrease at any time during the study and actually increased slightly at each time point between PID 0 and PID 18. Although there was individual animal variation, the mean PT and mean APTT became prolonged during this study. The peak prolongation of the mean (6SE) PT occurred PID 7 (15.7861.32 sec) as compared with the baseline mean of all deer in the study (12.3360.25 sec), before returning to baseline by the end of the study in the two survivors. The peak in 
Postmortem findings
Postmortem findings in the four deer that died or were euthanized in the acute phase of the disease were consistent with HD in this species (Howerth et al., 2001 ). Lesions were generally more prominent in the three animals that died on PID 7. In all four deer, there were minimal to extensive, petechial to ecchymotic hemorrhages in a variety of tissues, including the epicardium and the serosa and mucosa of the gastrointestinal tract (Fig. 1C, D) . Suffusive, subendocardial hemorrhage was present in two animals that died on PID 7 (Fig. 1B) . Additionally, all four deer had pulmonary edema of varying severity. Pleural effusion was observed in the deer that died on PID 5 (Fig. 1E) . Pulmonary edema was severe in deer 43, who died acutely PID 7 from asphyxiation because all lower and upper airways were filled by white, frothy, edema (Fig. 1F) . In addition to subtle gross lesions consistent with HD, the deer that died on PID 5 had a segmental band of transmural hemorrhage and necrosis of the proximal duodenum that resulted in a perforating ulcer, which contributed to death. Microscopic examination of tissues revealed congestion, edema, and hemorrhage, with or without necrosis, in a variety of tissues. Some prominent microscopic features included moderate to severe pulmonary edema (4/ 4), mild to severe hemorrhage and epithelial necrosis of the rumen mucosa (3/4), and mild to severe segmental hemorrhage within the submucosa and tunica muscularis of the small intestine (3/4). Viral titers from select tissues of the four deer that died during the acute phase of the disease are reported in Table 2 . Viral titers were consistently highest from spleen, lung, and lymph node. Virus isolation attempts from spleen, lung, and lymph node from deer 23 and deer 44, the two animals that survived infection, were negative on PID 39 and 32, respectively.
DISCUSSION
These results demonstrate that WTD are susceptible to clinical disease, and occasionally death, after experimental infection with EHDV-7. The observed clinical signs, clinicopathologic abnormalities, viral dynamics, and postmortem findings were consistent with previous reports of natural and experimental disease with endemic serotypes of EHDV and BTV in this species (Howerth et al., 2001) . All deer infected with EHDV-7 showed clinical signs of varying severity. Overall, this virus appears to be virulent in WTD because four of six deer (67%) showed severe clinical signs and died or required euthanasia during the acute phase of disease. Of the two surviving animals, one exhibited moderate disease, and the other animal was mildly affected. One of these two surviving animals (deer 44) showed subtle clinical signs, exhibited only slight clinicopathologic abnormalities, and had a low-titer viremia of short duration (PID 3 through PID 12). It is noteworthy that this least-affected animal was from Pennsylvania (Odocoileus virginianus borealis) because this subspecies has been shown to be highly susceptible to disease with EHDV-1 and EHDV-2. In a previous study by Gaydos et al. (2002b) , Odocoileus virginianus borealis and a southern subspecies (Odocoileus virginianus texanus) were both infected with the same strains of EHDV and the O. v. borealis group exhibited more severe clinical signs compared with the O. v. texanus group, demonstrating an apparent variation in innate resistance to disease between WTD subspecies. Our findings serve as reminder that there is marked variation in outcome of EHDV infection between individuals infected with the same virus, even in a highly susceptible subspecies, like O. v. borealis. This observed individual variability is consistent with previous studies and field observations. The viremia profiles observed during this study mirror those of previous studies (Quist et al., 1997) . During the early stages of infection, from PID 3 to PID 7, WTD frequently had viremia with titers exceeding 7.0 log 10 TCID 50 /ml. Of the two surviving deer, viremia markedly decreased in titer by PID 10, coinciding with seroconversion, but a low-titer viremia (,2.6 log 10 TCID 50 /ml) was detectable as far out as PID 39. Whether this low-titer viremia is infectious to Culicoides spp. has not been investigated with EHDV, thus the epidemiologic significance of this level of viremia is not known.
Clinicopathologic abnormalities were consistent with previous reports of EHDV and BTV infection in WTD (Howerth et al., 1988; Quist et al., 1997) . Despite variation among individuals in the study, a number of distinct clinicopathologic abnormalities were noted. Lymphopenia and coagulopathy are common findings during EHDV infections in WTD (Quist et al., 1997; Gaydos et al., 2002a) , and were readily observed in this study. A coagulopathy was readily demonstrated in the four animals that died; however, it was likely to progress even further had these animals survived longer. The peak prolongation in PT and APTT and the trough in the thrombocyte count generally occur around PID 10 (Howerth et al., 1988) . It is generally between PID 8 and 12 that the ''classic'' signs and lesions of acute HD are observed. Despite the four deer only being in the early stages of coagulopathy, prominent antemortem and postmortem signs highlighted the apparent virulence of EHDV-7 in WTD.
Distinct spatial and temporal patterns of clinical HD exist among WTD populations in North America (Stallknecht et al., 2002) . Epizootic morbidity and mortality among WTD during the late summer and early fall in certain areas is highly suggestive of an outbreak of HD. Couple this seasonality with consistent antemortem or postmortem findings and a presumptive diagnosis of HD is frequently made in the field in the absence of confirmatory diagnostic assays. However, it is imperative that these ''classic HD outbreaks'' be investigated with serotype-specific diagnostics, to detect the incursion of new EHDV and BTV serotypes and to document changing temporal and spatial patterns of disease with endemic North American serotypes.
Hemorrhagic disease surveillance centered on virus isolation of tissue samples obtained during WTD mortality investigations has proven a successful method of detecting new EHDV and BTV serotypes in North America (Gibbs et al, 2008; Allison et al, 2010) . Based on our results, this ''detection system'' would likely be capable of detecting EHDV-7 if introduced to the United States and thus reiterates the importance of thorough diagnostic investigation during HD outbreaks if novel EHDV and BTV serotypes are to be promptly detected. Based on the virus titration results from this experimental infection, whole blood, lung, spleen, and lymph node are good diagnostic samples, consistent with endemic serotypes. Based on our results, this exotic EHDV should be able to be readily isolated from properly prepared samples of whole blood and tissue on both CPAE cells and BHK 21 cells. Although many outbreak investigations today are based solely on rapid molecular diagnostics, the importance of performing traditional virus isolation in a diagnostic setting cannot be overemphasized. The isolation and longterm storage of field EHDV isolates is critical to broadening our knowledge of the current and expanding distribution of EHDV serotypes, to conducting in vivo and in vitro experiments, and to understanding the genetic variability between strains, which could potentially play a role in virulence, as well as vertebrate and invertebrate host range.
This study is part of a series of research trials examining the susceptibility of North American ruminant and vector hosts to infection with EHDV-7. The only confirmed vector of EHDV in the United States is Culicoides sonorensis, and a study to evaluate this species' ability to transmit EHDV-7 has been performed (results to be published elsewhere). Although not a risk assessment, our findings indicate North America harbors a potential ruminant host for EHDV-7, the white-tailed deer. It is important to note that whether an exotic orbivirus, such as EHDV-7, could become established in North America following an introduction depends not only on the presence of susceptible ruminant and vector hosts but also on a variety of other host, vector, and environmental factors.
